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EXECUTIVE SUMMARY
In this project, measurement techniques including microwave imaging method, microwave resonance
method, and microwave nonlinear measurement method, for estimating the thickness of the induced
corrosion byproduct of rebar embedded into concrete were studied, proposed, and verified by
simulations and measurements. And the capability of microwave imaging system to detect delamination
with different scattering properties was investigated.
In order to provide enough penetration depth and higher resolution, a wideband and low-frequency
double-ridged horn and a Vivladi antenna were designed and fabricated and used in synthetic aperture
radar (SAR) imaging measurements. The sensitivity of different methods to the corrosion thickness was
analyzed and results show that microwave imaging method and microwave resonance method may not
have enough resolution, while microwave nonlinear measurement may be a good candidate based on
the initial measurement results. Point target simulations were conducted to study the antenna pattern
effect on cross-range and range resolutions as well (not been studied before), which showed that this
pattern effect is responsible for tuning the sensitivity of SAR system to the scattering properties of the
delamination and other targets.
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Chapter 1 DESCRIPTION OF THE PROBLEM
It is known that corrosion of reinforcing steel bars (rebars) embedded in concrete is a significant
maintenance, rehabilitation and safety issue as it relates to the overall health of concrete structures,
particularly those subjected to cyclical chloride attack, including roadways, bridges and dams [1]. And
corrosion byproducts (i.e., rust) occupy a larger volume than the materials that produced it, leading to
stresses that can cause cracking and spalling, and delamination in these structures, followed by
increased salt and moisture permeation and further damage. Invisibility of the embedded rebar in
combination with physical inaccessibility in elevated bridges presents a challenge in the assessment of
RC bridge elements.
Consequently, it is critical to devise a robust detection and evaluation techniques to monitor
degradation of these structures, such as concrete delamination, and defects due to rebar corrosion.
Theoretical modeling results predicting corrosion rates are not always corroborated by experimental
verifications as pointed out by [2] and [3], and there exist significant discrepancies in accuracy
associated with different testing methods [4]. For studying the effect of corrosion, electrochemical
testing technique is a method of inducing corrosion on an embedded rebar with reasonable control of
the corrosion growing process [5] [6]. This process can then be combined with different testing
techniques to evaluate their efficacy for detecting and assessment of corrosion level. Meanwhile,
concrete delamination, another major concern in building health inspection, has not been well-solved as
well. Current techniques, such as acoustic and Infrared thermography, are either requiring the contact
between the sensor and the concrete surface or cannot penetrate a lot.

Wideband microwave imaging, using synthetic aperture radar (SAR) techniques, has shown great
potential for producing 3D images of structures containing rebars or different kinds of delamination or
voids. The principle is that microwave signals can propagate through concrete and be differently
reflected by steel reinforcing bars, delamination and voids based on their reflectivity. Such reflectivity is
then used to identify the properties of these infects. More specifically, for corrosion detection, steel
corrosion byproduct (i.e., rust) is with a relatively high permittivity and high loss dielectric material,
which results in the absorption of the irradiating microwave energy, leading to rebar image becoming
less prominent. Reversely, for concrete delamination detection, the permittivity is usually smaller than
that of concrete, leading to a highlighted indication in the final image. Hence, high-resolution images of
concrete samples subjected to accelerated corrosion or the existence of different kinds of delamination
are expected to result in a better understanding and limitations of this imaging approach.
Although the principle of microwave SAR imaging in NDE applications has been well-documented and
a great promise has been shown, a methodical approach to investigate the overall efficacy of this
imaging technique has not yet taken place. In order to accomplish this aim, a SAR imaging system with
high performance, such as good resolution and large signal-to-noise ratio, is studied, designed and
fabricated by this project.

Chapter 2 2. APPROACH
The operation principles of the approaches used in corrosion and delamination detection are
described in this section. Specifically, for corrosion detection, approaches include: microwave synthetic
aperture radar (SAR) imaging, microwave resonance of periodic structures, and microwave non-linear
measurement. For delamination detection, the above microwave SAR imaging is utilized. Details for
these methods are given below.

2.1 Microwave SAR imaging
The concept of synthetic aperture has been widely used in many areas and applications due to its
various inherent benefits including generation of high-resolution images. The techniques is also noncontact and the results may be combined with other NDE data for enhanced detection and evaluation.
2.1.1 Basic principle
The principle schematic of SAR imaging process is given in Figure 2-1. This imaging techniques benefits
from advances made in synthetic aperture radar (SAR) imaging developments over the past several
decades. The approach involves scanning a small antenna over a structure under inspection. During the
scan, the distance from the antenna to the anomaly (rebar) changes, and correspondingly the phase of
the detected reflected signal. Subsequently, this phase is recorded for all antenna locations that
illuminate the anomaly. By mathematically compensating for the phase differences among the recorded
signals (i.e., back-propagation, Omg-k algorithm), effectively a larger antenna (i.e. with finer resolution)
is synthetically produced, or that all of the recorded signals are coherently added and are focused on the
anomaly, as shown in Figure 2-1 [7]. A 2D scan of the structure or using a 2D array of antennas (in lieu of
mechanical scanning), produces a high-resolution 2D image, while sweeping over a large transmitted
signal bandwidth provides for high-resolution depth information, leading to a 3D image of the structure.
The attainable spatial resolution is a function of the scan dimensions, and the target height (all relative
to wavelength), while the depth resolution is inversely related to the operating signal bandwidth. Given
the fact that image data is coherently averaged over a wideband of frequencies, the signal-to-noise ratio
(S/N) associated with such images is relatively high, translating to a relatively high image fidelity.

Figure 2-1: Working principle of microwave SAR imaging for rebar corrosion detection.

Finally, the reflectivity (Γ(𝑥, 𝑦, 𝑧)) of the entire concrete section can be reconstructed by the following
equation:
(1)
in which 𝐾𝑥 , 𝐾𝑦 and 𝐾𝑧 are the wavenumbers in each coordinate direction, and 𝑧 is the depth location of
the slice within the reconstructed 3D image [7].
2.2.2 Multi-layer SAR algorithm
In the case of a layered structure a more complex formation will be needed to produce proper SAR
images. The Green’s function-based SAR has been developed for such cases [7]. Therefore, for the
concrete model, since the antenna used for scanning is always placed within air and the rebars are
embedded into concrete, it is always necessary to use this multilayer SAR algorithm. The details of this
algorithm can be found in [7] and will not be repeated here.

Figure 2-2: Multilayer interactions of electromagnetic waves.

Finally, the reflectivity (Γ) of the concrete to be reconstructed and the measured reflection
coefficients (𝑆̅) have the following relationship based on the wiener filter used:

(2)
in which 𝐺̅ 𝑃 is the Green’s function in frequency domain, 𝛿 is the power density of the noise in the
−1
measurement system and 𝐹𝑇𝑥𝑦
means the two-dimensional inverse Fourier transform along xy plane,

which is the plane of the synthetic aperture [7].
2.2.3 SAR performance considerations for corrosion detection
The performance of a SAR system can be mainly characterized by the cross-range resolution and the
range resolution, which set the limit in corrosion byproduct thickness detection. And it has been known
that the cross-range (noted as 𝛿𝑥 ) and range resolution (noted as 𝛿𝑧 ) can be approximated by [8]:
𝜆

𝑐

𝑐
𝛿𝑥 = 4sin(𝜃)
, 𝛿𝑧 = 2𝐵

(3)

in which 𝜆𝑐 is the wavelength in terms of the center frequency and 𝐵 is the bandwidth, 𝑐 is the speed of
light, and 𝜃 is the effective integration angle which is the smaller one between the antenna beamwidth

and the aperture angle [9]. In this case, the parameters that are responsible for resolution control can
be mainly classified into two categories: antenna-related and aperture-related.

(a) Antenna
This includes the frequency bandwidth and frequency sampling density, the gain pattern and its half
power beamwidth (HPBW). For the frequency related effect, its sampling step is always required to be
as small as possible for high resolution. And the frequency used should be as high as possible for better
cross-range resolution according to equation (3). But lower frequencies provide larger penetration
depth which is also required for corrosion detection since the rebar is embedded into (lossy) concrete
with about 60 mm distance to the concrete surface. Consequently, the frequency selected should be a
compromise between resolution and depth of penetration, which was studied by using antennas
operating in different frequency bands. Meanwhile, the signal bandwidth is also important for range
resolution as given in equation (3), but as just mentioned, high frequencies do not propagate deep into
the concrete. For antenna pattern related effects, it is also confirmed that antennas with wide beams
can produce higher cross-range and range resolution while larger gain can increase the signal-to-noise
ratio. But this two cannot be maximized as the same time and is hence also a compromise.

(b) Synthetic aperture
Apart from the antenna used, the synthetic aperture is another key factor that influences the
performance of a SAR system in corrosion detection. Generally, there are two related parameters: the
total length of the synthetic aperture and its sampling step. Length of the synthetic aperture, for a given
standoff distance, h, affects the cross-range resolution and this issue has been well studied previously
[9]. However, the influence of the antenna gain pattern on cross-range and range resolutions of SAR
images, specifically for NDE applications, has not been investigated. These two issues are also studied in

this project. The frequency sampling is important from the perspective of properly reconstructing the
image and also it sets the largest distance away from the synthetic aperture that data can be collected.
Consequently, to detect the corrosion byproduct on the surface of the embedded rebars, the
requirements on the antenna used include wideband for high resolution, lower starting frequency for
larger penetration depth, and sufficient frequency sampling. For the synthetic aperture, both relatively
longer synthetic aperture in terms of the depth distance where the rebar is located, and sufficient
frequency sampling need to be used.
Moreover, since SAR imaging is a phase-based reconstruction algorithm, the calibration of phase is
also very important. Open-ended waveguide radiators (probes) can be easily calibrated (referenced to
their apertures) using standard loads and techniques, unlike a horn antenna. Therefore, waveguides in
X-band (8.2-12.4 GHz) and G-band (3.95-5.85 GHz) were primarily used in this investigation as the
scanning antenna.
2.2.4 SAR performance considerations for concrete delamination detection
Apart from the advantages mentioned in section 2.2.3, the difference between corrosion detection
and delamination detection is that the former is more of a localized (point) target and the latter is a
planar target. Small voids do not reflect a strong signal and are more difficult to detect. In this case, the
sensitivity of a SAR system to weak-scattering objects nearby a strong scattering target was also studied
in this project.
2.2 Microwave resonance of periodic structure
Another method that has potential to detect corrosion was also briefly investigated, which is based
on the concept of frequency selective surfaces (FSS). Figure 2-3 shows that an element structure is
periodically copied and distributed with same distance in each direction [10].

Figure 2-3: Microwave resonance of a periodic structure.

Specifically, when an electromagnetic wave illuminates the structure, the energy at the resonant
frequency is totally transmitted while for waves with frequencies far away from the resonant frequency,
they are totally reflected. In this case, the resonant frequency is the key point for corrosion detection
since it is highly dependent on the geometry of the structure and the distribution of the embedded
rebars is usually periodic. Hence, when the rebar is gradually corroded, its radius is gradually reduced
and the corrosion thickness increases, which may lead to the shift in the resonant frequency of the
entire structure. Therefore, the sensitivity of such a technique to corrosion thickness was also examined
in this project.
2.3 Microwave nonlinear harmonics
The third method that was investigated for corrosion detection is based on nonlinear measurements.
It is based on the concept that the metal-to-metal junctions can be considered a “nonlinear” junction.
That means, similar to other nonlinear electronic devices (i.e., a diode), when the junction is illuminated
with a high frequency signal, the reflected signal includes harmonic frequency components [11]. The
presence of a corrosion layer between two rebars (at their crossing junction) reduces this nonlinear

effect and could be a potential technique for detecting the corrosion. This principle can be explained as
follows. As can be seen from Figure 2-4, the left figure shows the physical model of the metal-insulationmetal junction which is exactly the same phenomenon in rebar corrosion. The right figure is the diode
tunneling effect explanation, which illustrates that if the thickness of the insulation is very small
satisfying the electron tunneling criterion, then this junction can be seen as a diode that has a nonlinear
I-V curve with small-signal input.

Figure 2-4: Metal-insulation-metal (MIM) physical model (left) [12] and the corresponding electron
tunneling effect model for MIM structure (right) [13].

Therefore, some preliminary measurements were also conducted in this project using this technique.

Chapter 3 3. METHODOLOGY
3.1 Fabrication of concrete samples
To study the corrosion detection performance of a SAR system, many parameters should be
considered, such as the frequency band selected, the corrosion process, the cover thickness of the
concrete (the depth distance of the embedded rebar with respect to the concrete upper surface), the
dielectric constant of the concrete, which is related to the water-to-cement (w/c) ratio of the concrete.
To this end, several groups of concrete samples were cast. The first group is shown in Figure 3-1. The
concrete with two embedded rebars was made of cement, sand, and water, with a water-to-cement

ratio of 0.55 and a sand-to-cement ratio of 2.81. The sample was scanned at different frequency bands
to make an initial determination of a proper frequency band to be used.

Figure 3-1: Original concrete block with embedded rebars.

Then, another set of six concrete samples were cast. These samples are classified with three cover
thicknesses (1”, 1.5”, and 2”) and two water-to-cement (w/c) ratios (0.55 and 0.40) to test the influence
of these two parameters to the produced SAR images. One of the fabricated samples is shown in Figure
3-2.

Figure 3-2: Sample with 1” cover, 55% W/C.

Next, since the corrosion process (introduced later) applied to the above samples cannot bring a
uniform level of corrosion for the whole rebar, a new corrosion process was devised and implemented,
and subsequently another four concrete samples were cast. There are two sets of mortar samples, M1
and M2, with water-to-cement ratios (w/c) of 0.55 and 0.40 and three reinforcing steel bars embedded
in each. The mix proportions of the mortars are shown in Table 3-1. After casting, the specimens were

covered with wet burlap and plastic sheet to prevent surface cracking due to drying shrinkage. The
specimens were demolded after 24 hours, and then cured in an environmental chamber for 28 days.
Subsequently, they were placed in a temperature-controlled room, at 70oC and for approximately 20
days, to remove any excess moisture. Figure 3-3 shows pictures of the form with three rebars and the
cast sample, respectively. Dimensions of the final mortar are 42.5 cm (L), 26.5 cm (W) and 12 cm (H).
The mortar cover thickness is 5 cm and the rebars are one-foot long with a dimeter of 1.91 cm.

Figure 3-3: Pictures of casting frame (top left), one of the samples (top right) [14].
Table 3-1: Mix proportions of the two mortar mixtures.

Types of mortar
Water
Ordinary Portland cement
Missouri river sand

M1

M2

0.55

0.4

1.0

1.0

2.81

1.83

In addition to these four concrete blocks, eight small samples were also prepared for measuring their
dielectric properties, using a completely-filled waveguide approach [15]. This information is important
when processing the image data to produce images of the interior of these blocks. These small concrete
samples have been cast, cured, and dried. Figure 3-4 shows the samples cast for this purpose.

Miniature Casting Frames

Four Miniature Samples

Figure 3-4: Casting frames (left) and four of the eight samples (right).

3.2 Cyclical corrosion procedure
The corrosion procedure for these samples are similar. For the first two sets of samples with two
embedded rebars, each sample was placed in a saltwater (NaCl solution) bath with a salinity of 3.5% (by
wt.). The saltwater level was kept 0.5 cm lower than the lower edge of steel bars in order to avoid
electrical short-circuit between the extruded steel rod and the saltwater solution. However, when a
current was sent through these rebars for corrosion, the resulting corrosion was not uniform. To correct
this, a new procedure and device was developed and implemented in which a constant current of 500
µA/cm2 was impressed through the rebars on both sides to accelerate corrosion until the mass loss of
the steel bar reached 0.1%. No current was passed through the middle rebar for the final cast four
concrete samples with three rebars embedded. In this way, the middle rebar image could be used as a
reference with which to compare the other two rebar images. Subsequent to each soaking cycle, the
sample was removed and placed in the temperature-controlled room to remove the excess water. Each
day the mass of the sample was measured until such time there was no appreciable change in the mass.

Figure 3-5: Corrosion salt bath setup with corrosion box centered on top.

The flow-chart of the entire experimental process is illustrated in Figure 3-6, which shows that
starting from the top block, the procedure was: scan sample @ X-band (8.2-12.4 GHz) & J-band (5.85-8.2
GHz); perform the electrochemical process to produce corrosion; retrieve corroded sample from salt
water; send corroded sample to the furnace; take sample out of furnace once the daily sample mass
measurements have leveled off.

Figure 3-6: Flow-chart of the cyclical electrochemical corrosion and scanning procedure.

3.3 Antennas for scanning
As mentioned in section 2.2.3, for the selection of bandwidth, the low frequency can bring larger
penetration depth but also bad cross-range resolution, while wider bandwidth can bring better range
resolution, but the high frequency part may not have enough penetration depth. In this case, the openended rectangular waveguides, operating in J-band (5.85-8.2 GHz), X-band (8.2-12.4 GHz), Ku-band
(12.4-18 GHz) and Ka band (26.5-40 GHz), are taken as the sensors. The geometry of the waveguide is
given in Figure 3-7.

Figure 3-7: The general geometry of the waveguides used in scanning.

3.4 Microwave imaging in cyclical corrosion
In this case, based on the above analysis, the parameters influencing the sensitivity to detect
corrosion thickness are evaluated by using different groups of concrete samples. Hence, sample group 1
was imaged to compare the effect of different frequency. Sample group 2 was imaged to study the
influence of cover thickness and water-to-cement (w/c) ratio. And sample group 3 was finally cast to
study the detection ability under cyclical corrosion procedure.
3.4.1 Sample group 1
To show the effect of different frequency bands used, both (electromagnetic) simulations and
measurements were performed. First, for simulations using CST Microwave StudioR, both X-band (8.212.4 GHz) and Ku-band (12.4-18 GHz) are used. Ka-band (26.5-40 GHz) was not used since the simulation
time is excessively long. The electromagnetic properties of the corrosion (ɛr = 12.5 – j2.3) used in the

simulation were found from previous published measurements made [7], [16], and the depth of the
rebar in the concrete was 1 inch. The concrete block was simulated with two embedded rebars and
various thicknesses of corrosion. The corrosion was only applied to the rebar on the right side of the
block so that a comparison between the corroded and uncorroded rebar could be made, two different
corrosion thicknesses of 1.3 mm and 2.6 mm were simulated to study its effect on the images. Produced
images are shown in Figure 3-8 and Figure 3-9. As can be seen in Figure 3-8 with 1.3 mm corrosion
thickness, the corroded and uncorroded rebar indications look very similar to each other in both images,
with the corroded rebar indication slightly faded only in the Ku-band (12.4-18 GHz) image. Then, in
Figure 3-9, the indication for corroded rebar becomes clearer for both X-band (8.2-12.4 GHz) and Kuband (12.4-18 GHz). These results are expected, since corrosion is a lossy dielectric. A thicker layers of
corrosion causes more of the signal that would otherwise be reflected back by the rebar to be absorbed.

Figure 3-8: Simulated images with 1.3 mm corrosion thickness at X-band (8.2-12.4 GHz) (left) and Ku-band
(12-18 GHz) (right). In both images, the left rebar has no corrosion for comparison.

Figure 3-9: Simulated images with 2.6 mm corrosion thickness at X- band (8.2-12.4 GHz) (left) and Ku-band
(12-18 GHz) (right). In both images, the left rebar has no corrosion for comparison.

Then, to confirm the simulation results, measurements were conducted on the samples in group 1.
These samples were scanned and imaged after each episode of corroding. Results are shown below in
Figure 3-10. First, for the original samples with no corrosion, as can be seen from Figure 3-10, X-band,
Ku-band and Ka-band waveguides were used to do raster scanning and SAR images were produced. It
can be seen that the image produced at X-band (8.2-12.4 GHz) shows clearest indications of the rebar
while in the images from Ku-band (12.4-18 GHz) and Ka-band (26.5-40 GHz), rebars are not clearly
indicated. Reason for this is that higher frequency cannot provide enough penetration depth due to the
fact that concrete is lossy material. And this is different from the above simulations which show that
even in Ku-band (12.4-18 GHz), the rebars can be fairly easily detected in the produced images. Reason
for this may be that the dielectric constant used in the simulations is not exactly same as in the concrete
samples used in scanning at Ku-band (12.4-18 GHz), which is influenced by several parameters such as
drying time (in microwave oven), etc. Moreover, the real concrete samples are actually not homogenous
as used in simulations. Hence, noise level is larger in measurement. Nevertheless, it can still be found
that X-band (8.2-12.4 GHz) is robust for these measurements.

Figure 3-10: Images of the original concrete block (prior to soaking) at X-band (8.2-12.4 GHz) (left), Ku-band
(12-18 GHz) raw data (middle), and Ka-band (26.5-40 GHz) (right).

Therefore, the cyclically-corroded rebars in these samples were scanned using the X-band (8.2-12.4
GHz) waveguide and the produced images are shown in Figure 3-11. Again, the left rebar is left
uncorroded as reference and the right rebar was gradually corroded. As can be seen from Figure 3-11,
from the left figure to the middle and the right figure, the degradation induced by corrosion can be
clearly detected.

Figure 3-11: X-Band (8.2 – 12.4 GHz) images of the block before soaking (left), after a single soaking cycle
(middle), and after two soaking cycles (right).

3.4.2 Sample group 2
Then, to study the influence of cover thickness and water-to-cement (w/c) ratio of concrete, six new
concrete blocks, with embedded rebars, were cast with three cover thicknesses of 1”, 1.5”, and 2” and
with two water-to-cement (W/C) ratios of 0.55 and 0.40. Subsequently, microwave imaging
experiments were performed on each block. Imaging was performed at X-band (8.2-12.4 GHz) and J-

band (5.85 – 8.2 GHz), as the former band was previously determined to be suitable for these
experiments and the latter band was also used to study its potential performance for corrosion
detection purposes.
To this end, one of the cast concrete samples with 1” cover thickness and 0.55 w/c is displayed in the
left figure while the produced images from measurements at J-band (middle) and X-band (right) to this
sample are also given, all in Figure 3-12. As can be seen, the two rebars are clearly indicated in each
image. The indications at the J-band image appear to be wider than in the X-band image. This is
expected, as the image cross-range resolution increases at higher frequencies (X-band).
Sample with 1” cover, 55% W/C

Figure 3-12: The first of six blocks (left), image at J-band (5.85-8.2 GHz) (middle) and X-band (8.2-12.4
GHz) (right).

The effect of each parameter (w/c and cover thickness) on the images was investigated. For X-band (8.212.4 GHz) images, increasing the cover thickness of concrete (above the rebar) tends to make the rebar
indications less visible. This is expected since concrete is lossy and attenuates the signal. Figure 3-13
shows this effect, where the thicker cover causes the rebar indications to be less distinguishable from
the background, as can be seen in the right-most image.

Figure 3-13: X-Band (8.2-12.4 GHz) Images of the blocks with varying cover thickness.

The effect of the cover thickness can be reduced by imaging the block at a lower frequency range, due
to signal attenuation at lower frequencies. Figure 3-14 shows the corresponding J-band (5.85-12.4 GHz)
images, and the rebar indications can still be clearly seen even with the maximum cover thickness.

Figure 3-14: J-Band (5.85-8.2 GHz) Images of the blocks with varying cover thicknesses.

Water-to-cement (w/c) ratio also has an effect on rebar indication visibility, due to the fact that
samples at lower (w/c) have higher dielectric constant and loss factor. The microwave imaging
experiments were performed for two different (w/c) of 0.55 and 0.40. The X-band (8.2-12.4 GHz0
images, shown in Figure 3-15, indicate a noticeable reduction in rebar visibility for the lower w/c. This
result is expected as explained in [1], since the higher (w/c) results in higher porosity once the excess
water evaporates, and higher porosity results in less attenuation of microwave signals. Part of this effect

is also related to the curing of the samples as a function of less or more free water (i.e., w/c). The J-band
(5.85-8.2 GHz) images are also shown in Figure 3-16 where the effect of (w/c) is less noticeable.

Figure 3-15: X-Band (8.2-12.4 GHz) Images of the blocks with varying water to cement ratio.

Figure 3-16: J-Band (5.85-8.2 GHz) Images of the blocks with varying water to cement ratio.

3.4.3 Sample group 3
It has been noticed that the corroded samples of group 1 and group 2 may not have undergone the
corrosion process properly, which can be reflected the images in Figure 3-15 and Figure 3-16 that the
corroded rebar on the right side of each picture are not uniformly displayed. Consequently, a new
corrosion process was designed and implemented for creating a more uniform corrosion, as described
previously.

Subsequent to the new corrosion process, after the samples were deemed dry, each sample was then
scanned at J-Band (5.85-8.2 GHz) and X-Band (8.2-12.4 GHz). Figure 3-17 shows the imaging results for
sample 1 for the non-corroded (pristine) state, after one cycle of corrosion, and after two cycles of
corrosion, all at J-band (5.85-8.2 GHz). Figure 3-18 shows similar images at X-band (8.2-12.4 GHz). The
other three sample showed similar results. Due to its relatively high frequency, X-band (8.2-12.4 GHz)
images do not show clear indications of the rebars. On the other hand, J-band (5.85-8.2 GHz) images
show clear indications of the rebars. Reason for this is the relationship between penetration depth and
the frequency used, as explained earlier. The final images after this cyclical corrosion at J-band (5.85-8.2
GHz) are given in Figure 3-19 and Figure 3-20 for all these four samples. However, the effect of cyclical
corrosion is not evident yet. Another issue to be considered is the amplitude level of the rebar
indications as shown in the color bars. The expectation is that the amplitude level will remain constant
and to be reduced only by the presence of the corrosion. Trends correlating rebar indication amplitude
to corrosion progression has not been observed yet on the two outer rebars that are being actively
corroded. However, the image amplitude level is changing by as much as 10 times from one scan to the
other. We suspect that this is due to inconsistencies in the manner that the samples are being dried.
Remaining water in the concrete can increase the permittivity and loss factor of the sample. Also, any
remaining slats within the sample can change the permittivity and loss factor as well. The effect of
these remaining water and salts on the dielectric properties of the concrete must be estimated to
quantitatively estimate the corrosion level.

(a)

(b)

(c)

Figure 3-17: J-Band (5.85 – 8.2 GHz) SAR images of sample 1 for (a) Cycle 0 (before corrosion), (b) after one
cycle of corrosion and (c) after two cycles of corrosion.

(a)
(b)
(c)
Figure 3-18: X-Band (8.2 – 12.4 GHz) SAR images of sample 1 for (a) Cycle 0 (before corrosion), (b) after one
cycle of corrosion and (c) after two cycles of corrosion.

Sample 1

Sample 2

Figure 3-19: J-band (5.85-8.2 GHz) SAR images of samples 1 (left) and sample 2 (right) after 4 cycles of
accelerated corrosion.
Sample 3

Sample 4

Figure 3-20: J-band (5.85-8.2 GHz) SAR images of samples 3 (left) and sample 4 (right) after 2 cycles of
accelerated corrosion.

Due to the aggressive accelerated corrosion cycle (soaking and embedding current and then oven
drying) the samples cracked along some of the rebars. As such the cyclical corrosion experiment was
stopped past the 4th cycle. A final set of imaging experiments were conducted at G-band (3.95-5.85
GHz), J-band (5.85–8.2 GHz) and X-band (8.2-12.4 GHz). Through these measurements and some

corroborating simulations, it was concluded that the effect of corrosion levels on the produced images
of rebars was insignificant compared to variabilities in the experiments such as changes in material
properties and effect of cracking. In fact, it was shown that cracking contributes to significant level of
scattering as shown in Figure 3-21. This leads to SAR imaging being more sensitive for detecting cracking
and delaminations (that are more prominent with severe corrosion) than detecting very small levels of
corrosion.

Figure 3-21: Picture of sample 2 being scanned with a J-band (5.85-8.2 GHz) waveguide probe and the
resultant SAR image. The image shows a strong indication on the location of the top rebar due to cracking
of the concrete.

3.4.4 Rebar in air
Finally, an “air” test specimen containing three rebars similar to the concrete blocks used for cyclical
accelerated corrosion was created and is shown in Figure 3-22-left. This specimen also went through
cyclical accelerated corrosion and was used to corroborate the simulation results and understand the
efficacy of microwave SAR imaging for quantitatively estimating the corrosion level on rebars. This
specimen served as a controlled testing platform that removes many unknowns associated with
concrete properties. A “control” SAR image of the un-corroded bars at J-band is also shown in Figure
3-22-right.

Figure 3-22: Image intensity from the right rebar as a function of increasing corrosion level,
experiment setup (left), one of the imaging result (right).
However, when the updated corrosion process was applied , it was found that the corrosion
byproduct tends to accumulate at the bottom surface due to gravity. Hence the corrosion distribution is
not like what it should be in a rebar and cannot be detected.
3.5 Rebar corrosion simulation for microwave imaging
As mentioned above, both cases when the rebars are embedded into concrete and into air did not
quantitatively show the indications regarding the thickness of the cyclical corrosion byproduct. Although
in previous experiments this technique has shown to be capable of detecting rebar corrosion [17].
Therefore, simulations were tried to classify the detection limit and hence the sensitivity of a SAR
system to the corrosion thickness.
Mn 3.5.1 Sensitivity to corrosion thickness
In this case, electromagnetic simulations were performed by CST Microwave Studio® to investigate
the theoretical capabilities of SAR imaging for detecting and assessing corrosion level in rebars
embedded in mortar. Figure 3-23 shows the simulation schematic where a plane-wave, at J-band (5.858.2 GHz), impinges upon a mortar sample (cross-section shown) with two embedded rebars, one of
which (on the right) has varying thicknesses of corrosion on it (discrete 5% increase).

Plane Wave

Z

Layer 1: Air

1cm

X

Layer 2: Concrete

15cm
10cm

r=0.79cm
Corrosion Percent
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roxi

5% 10% 15%

0

Figure 3-23: Electromagnetic simulation configuration for a mortar sample with embedded rebars.

Specifically, the dielectric constant of the sample was taken to be (𝜀𝑟 =4-j0.2), while the corrosion
(i.e., rust) dielectric constant was taken to be (𝜀𝑟 =12.5-j2.6). Using CST Microwave Studio®, the
reflection coefficient measured at the location of the incident wave (1 cm above the sample) was
calculated along the sample (from right to left). This data, representing the measured reflection
coefficient, was then passed through the Green’s function-based SAR algorithm to produce an image of
the cross-section of the sample. The two embedded steel bars are placed at the same depth of 150 cm
within the sample, and 15 cm apart, which is large compared with the operating wavelength, to ensure
minimal interactions between the two. The thickness of corrosion layer, roxi, was calculated according to:

rmet = r 1 − Nc , roxi = r 1 + 3Nc
where, rmet is the radius of rebar, and Nc is the ratio of corrosion (lost mass of a rebar due to corrosion
over its original mass). No corrosion was considered on the left rebar while only the one on the right
was corroded as a function of increasing corrosion percentage, Nc, from 0% to 5%, 10% and 15%. The
calculated thicknesses are shown in Table 3-2.

Table 3-2: Size of differently-corroded rebars.
Corrosion Percentage
rmet (cm)
roxi (cm)
Thickness (roxi-rmet) (cm)
5%
0.770
0.847
0.077
10%
0.749
0.900
0.151
15%
0.728
0.951
0.223

(4)

Figure 3-24a-d show the results of these simulations, in the form of cross-section images of the sample
with varying percentage of corrosion. The results clearly show the effect of increasing corrosion level in
the (right) rebar image intensities, as a direct result of the lossy nature of the dielectric constant of
corrosion/rust. In addition, the results show that the decrease in the image intensity is not a linear
function of increasing corrosion level.

(a) 0%

(b) 5%

(c) 10%

(d) 15%

Figure 3-24: Simulation results for: a) 0%, b) 5%, c) 10% and d) 15% corrosion (Nc), respectively.

To more quantitatively illustrate the effect of increasing corrosion level on the rebar on the right,
image intensity magnitude at X = 12 cm, which correspond to the center position of the right rebar in
the x-direction (from left to right) is extracted and shown in Figure 3-25. The result shows the gradual,
yet non-linear change in the image intensity. More importantly, the non-linear changes of green
function in terms of propagation distance [18] leads to the quick decay of signals from 10% case to 15%
case while small portion from 0% to 10%.

Figure 3-25: Image intensity from the right rebar as a function of increasing corrosion level.

To further explore the detection limit of SAR imaging technique, the corrosion level was changed
from 5%-20% to 0.1%-0.4%. The corresponding corrosion thickness with respect to the same rebar used
as in Figure 3-23 is given in Table 3-3.

Table 3-3: Thickness calculation of the 0.1%~0.4%-corroded rebars.
Corrosion Percentage
rmet (cm)
roxi (cm)
Thickness (roxi-rmet) (µm)

0.1%
0.2%
0.4%

0.7896
0.7892
0.7884

0.7912
0.7924
0.7947

15.79
31.57
63.07

Using a similar procedure, the final comparisons were made in Figure 3-26. These lines represent the
reconstructed reflectivity along the cross-range direction X direction in Figure 3-23) at the depth right
across the rebar center (dotted line in Figure 3-23). Since the corrosion byproduct is lossy material, the
peak value should be reduced gradually as the thickness of the corrosion byproduct increases. However,
as can be seen from Figure 3-26, results both from J-band and X-band do not show any indication about
this, leading to the conclusion that SAR imaging technique may not have enough detectability for
micrometer-level scale corrosion byproduct.

J-Band (5.85-8.2 GHz)

X-Band (8.2-12.4 GHz)

Figure 3-26: Simulation results for the setup at different frequency bands

3.6 Resonance simulation for periodically distributed rebars
Another technique that was investigated was the frequency selective surfaces (FSS) approach. In this
scenario, the resonant frequency of a structure, which is formed by the periodic copies of the element,
is dependent on the geometry and the material of this element and the gap distance between the two
neighboring elements. In this case, since the placement of the rebars is usually with fixed gap distance
(i.e. ,150 mm), the resonant frequency can be used to detect the geometry and material property
changes of the corroded rebar.
3.6.1 Rebar in air
To study this phenomenon and confirm the validity of this idea, full-wave electromagnetic
simulations using CST Microwave Studio®, was performed to determine the influence of corrosion on
the resonant properties of the overall structure. Figure 3-27-left shows the simulated configuration.
Rebars are placed as shown by the right figure. All of them have the same radius 9.525 mm and same
distance 150 mm. As shown in Figure 3-27 right, the corrosion layer is also set, the range of which is 0,
0.2%, 0.4%, 0.8%, 1.0%, 2.0%, 4.0%, 8.0%, 10% with respect to rebars’ loss of mass. Figure 3-28-left
shows results of the magnitude of transmission coefficients (S21) vs. frequency with increasing corrosion

percentage. There is a null in each S21 result meaning energy is totally reflected at that resonant
frequency. Figure 3-28-right shows the shift of resonant frequency with increasing corrosion percentage.
It is clear that even 1% corrosion can theoretically be detected.

Figure 3-27: Configuration for periodically distributed rebars used in simulation (left), and scene in a junction (right).

Figure 3-28: results of the magnitude of transmission coefficients vs. frequency with increasing corrosion percentage (left),
shift of resonant frequency with increasing corrosion percentage (right).

3.6.2 Rebar embedded in concrete
We have also performed full-wave electromagnetic simulations, using CST Microwave Studio®, of a
concrete structure containing periodic (uniformly spaced) rebars. Figure 3-29 shows the CST simulation
model where the rebars are along the Y-axis and they are spaced by 120 mm (slightly different from 150
mm but can increase the resonant effect) in the x-axis and the electromagnetic wave is propagating
along the Z-axis. Figure 3-30 shows simulated reflection coefficient results as a function of frequency
from this model for several different levels of corrosion percentages as used previously. As can be seen

from Figure 3-30, the resonance frequency shifts to the right with increased corrosion level. Figure 3-31
shows a plot of this resonance frequency shift as a function of corrosion level percentage when
compared to the no-corrosion case. The results show this method has sensitivity to the corrosion
thickness, but not to be sufficiently sensitive to the presence of corrosion.

Figure 3-29: CST Microwave Studio simulation model for the periodic rebar structure in concrete.

Figure 3-30: Simulated reflection coefficient as a function of frequency for several corrosion percentages.

Figure 3-31: Resonance frequency shift as a function of corrosion level percentage.

We also attempted to simulate a more realistic configuration, similar to that as shown in Figure 3-29.
The simulation configuration in Figure 3-32 is for eleven rebars embedded in concrete. However, the
simulation time was prohibitively time-consuming and was consequently abandoned.

Figure 3-32: More realistic 2D rebar configuration.

3.7 Harmonic measurement on cyclically corroded rebar
We also investigated a method to detect presence (or degree) of corrosion by measuring the power
in the generated harmonics from conducting junctions. This testing method relies on the non-linear
effects of current flow through junctions (e.g., connections between rebars) that results in harmonics of
the interrogating signals being generated. An initial experiment was conducted using the specimen
shown in Figure 3-33.
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Figure 3-33: Harmonic generation experiment.

A signal source, amplifier and filter (not shown) were used to generate a single tone signal at 2.6 GHz
with a power of 1W (30 dBm). The signal was radiated onto a three-rebar sample. The three rebars were
electrically connected to each other using wires to create junctions. Due to non-linear effects, harmonics
of the incident signals are generated. Specifically, the 3rd harmonic (at 7.8 GHz) is stronger compared to
other harmonics. The receiving antenna was chosen such that it receives only the harmonics of the
signal which were then measured by a spectrum analyzer. Figure 3-34 shows measurement results,
where in the absence of the sample the 3rd harmonic of the signal does not appear since there is no
mechanism for generating it. Conversely, in the presence of the sample, the 3rd harmonic has a power of
-82.5 dBm.

Noise floor of spectrum analyzer below -110 dBm

Power in the generated 3rd Harmonic from sample -82.5 dBm

Figure 3-34: Initial experiment results for harmonic generation. The left-side image is showing the
instrument noise floor, where the 3rd harmonic is not generated without the rebar sample. On the rightside image, the rebar sample generates the 3rd harmonic signal.

To show that the change of corrosion thickness can be detected by this measurement setup, a twocrossed and wrapped rebars was built as shown by Figure 3-35 (left) and Figure 3-36 (left). These two
rebars were cyclically corroded from 0 hours to 96 hours. Figure 3-35 (right) shows the result by 24hours corrosion and Figure 3-36 (right) shows the result by 96-hours corrosion. The longer time of
corrosion, the lower peak value of 3rd-order harmonic.

Figure 3-35: Configuration of rebars after 24-hours corrosion (left) and the measured 3rd-order harmonic
(right).

Figure 3-36: Configuration of rebars after 96-hours corrosion (left) and the measured 3rd-order harmonic
(right).

After 96-hours of corroding the rebars, we also gradually removed the corrosion on the junction of this
two rebars by brushing some of corrosions away in each round. Figure 3-37 shows magnitude of 3rdorder harmonic vs. amount of corrosion. It confirms that the less corrosion on this junction, the higher
peak value.

Figure 3-37: The increase of 3rd-order harmonic’s magnitude by gradually brushing corrosion away.

3.8 Bridge delamination detection
A pedestrian bridge on campus (between ERL and Computer Science buildings of Missouri S&T) which
shows visual signs of rebar corrosion and delamination, was imaged with the permission of university
officials.

For this purpose and as a way of preparing for this investigation, a new imaging system to collect and
process the data is needed. Due to the size of the pedestrian bridge, data collection had to be conducted
manually. Consequently, several tests in the lab were conducted first to get prepared for the in-field
tests on the bridge. Figure 3-38 shows the setup and the produced image of a rebar. As can be seen
from it, the rebar can be clearly indicated even though embedded in the foam sheets.
Manual Scanner

Corroded Rebar SAR Image

Figure 3-38: Manual Scanner setup for corroded rebar (left) and processed results from SAR
imagining (right).

Then, same method was used to scan the bridge. In this case, the top portion of this bridge (the
computer science pedestrian bridge) was manually scanned in four sections using a wideband horn
antenna operating in the 1 – 4 GHz frequency range. Figure 3-39-top shows the scanned sections from
A-D along with the SAR imaging results (Figure 3-39-bottom). As can be seen from it, some highlight
points are displayed which may be the indications about delamination.

Figure 3-39: Target sections that were scanned (top) along with the results of the entire bridge (bottom)

To make clearer indications about delamination, it was found that the aforementioned deterioration
effects (as shown in Figure 3-40 and Figure 3-41-top) of the middle section of this bridge can be visually
observed. In this case, both the top side and bottom side were imaged by conducting manually scanning
using a wideband horn antenna connected to a field-portable vector network analyzer (VNA) operating
in the frequency band of 1 to 4 GHz. These measurements were conducted on a 2D measurement grid
with spacing of 10 cm. The antenna, which had an aperture of ~230 mm x 180 mm (same as before), was
manually moved across this grid. The collected data were then processed using the SAR algorithm to
form 3D images. Two-dimensional (2D) Image slices at depths of interest were then produced.
For the scanning from the top side, Figure 3-40 shows the sliced image at a depth of ~80 mm inside
the concrete. Due to the repair and resurfacing work the exact depth of the first rebar layer cannot be
ascertained. But the image in Figure 3-40 shows indications in multiple areas of the bridge. These can be
due to delamination (mainly as a result of rebar corrosion) or features in the bridge deck from the repair
work conducted in the past.

Facing Computer Science

Figure 3-40: SAR image of a section of the topside of the bridge.

For the scanning from the bottom side, Figure 3-41 shows the image produced in a same way as
above from the under-side of the bridge and focused at a depth of 40 mm inside the concrete (closely
corresponding to the location of rebars). This image shows the delamination which is more severe near
the edge of the bridge, as also is visible from the outside, as well as its extent and spread towards the
middle section of the bridge. Also visible in this image are indications near X = 500 mm, one which
corresponds to a location in the concrete with signs of deterioration and another which does not
correspond to any visible feature on the outside of the bridge. This latter indication may correspond to a
void, pocket of high moisture, or an unknown embedded structure (e.g., drainage pipe) inside the
bridge. This may be probably confirmed with additional testing or better yet with destructive testing.

Figure 3-41: SAR image of bridge underside with indications corresponding to visible as well as non-visible
damage in the bridge.

3.9 Simulated delamination detection
In this section, the detectability of SAR system to the delamination embedded into concrete is
investigated. A large concrete block with simulated delamination was cast as a platform to do
experiments, and the corresponding results from several experiments are discussed and analyzed.
Associated scanning components such as antennas were also developed and are introduced as well.
3.9.1 Concrete casting with delamination
Firstly, A large 6’ x 4’ concrete slab containing simulated delamination and voids was cast, as shown in
Figure 3-42 and Figure 3-43. The concrete slab was 8” thick and contained two-levels of rebar grids with
spacing of 6” on the left side of the sample and 12” on the right side of the sample as indicated by the
red lines in Figure 3-42. Foam blocks were used to create voids and thin plastic sheets were used to
create delamination with different sizes and locations as shown in Figure 3-42 below. Figure 3-43 shows

pictures of this sample before and after casting the sample. This sample has been imaged several times
to evaluate the capabilities of SAR imaging for detecting delamination in concrete.

Figure 3-42: Schematic of the delamination sample.

Figure 3-43: Pictures of the delamination sample before and after concrete pour.

3.9.2 Antennas for scanning
It has been verified that antenna is one of the key components in a SAR imaging system, and the
properties of the antenna used play a significant role in the final image quality. In this case, as discussed
in section 2.1, the antenna used should be wideband, has lower starting frequency. To this end, two
antennas, which are Vivaldi antenna and double-ridged TEM horn attached with curved surface, were
designed and fabricated.

3.9.2.1 Vivaldi Antenna
As a frequency-independent antenna, Vivaldi antenna is naturally wideband. Hence, it is a good
potential candidate for antenna used for wideband SAR imaging. To this end, antipodal Vivaldi antenna,
one of the popular antenna designs, was designed by using CST Microwave Studio® simulations.
The geometry of this antenna is shown in Figure 3-44. It operates in the frequency range of ~0.8 – 5 GHz.
The size of the antenna is about 220 mm (length) and 220 mm (width). To reduce the lower starting
frequency, corrugations were applied to the side edges as shown in Figure 3-45 to increase the
propagation path of the induced surface currents. In this case, the new operating frequency range is
from 0.5GHz~4GHz as shown by S11 in Figure 3-46 with only slight extrusions above -10 dB around
1GHz~1.3GHz. This low-frequency and wideband antenna can bring us deeper penetration depth.

Figure 3-44: CST Microwave Studio model of a Vivaldi antenna.

Figure 3-45: Top side (left) and back side (right) of Vivaldi antenna.
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Figure 3-46: Reflection coefficient (S11) of Vivaldi antenna.

Meanwhile, a good compromise is also obtained between the beamwidth and gain. As discussed
previously, wide beamwidth results in higher resolution, but it means lower gain as well leading to lower
signal-to-noise ratio. In this case, as can be seen from Figure 3-47, which displays the far-field gain
pattern of this antenna at 2 GHz, the gain is about 6.5 dB while the beamwidth is more than 100 degree
in the E plane.

Figure 3-47: Radiation pattern of Vivaldi antenna at 2GHz.

To this end, this antipodal Vivaldi antenna was fabricated, and its reflection coefficient was measured.
As expected, the results showed that this Vivaldi antenna has wider frequency bandwidth and lower
low-cutoff frequency which can bring higher resolution and larger penetration depth. Figure 3-48 (left)

shows the fabricated physical antenna and Figure 3-48 (middle) shows the measurement setup. In this
measurement, Vivaldi antenna is connected to the VNA (vector network analyzer) and is placed into the
center of a chamber. This chamber is used to absorb electromagnetic waves so that none of these waves
transmitted by the Vivaldi antenna will be reflected. In this case, only reflections from the internal
structure of the antenna are considered. Figure 3-48 (right) shows that the S11 is smaller than -10 dB
with frequency ranging from 0.5GHz to 5GHz though with a slight deficiency around 1-1.3GHz.

Figure 3-48: Fabricated Vivaldi Antenna (left), reflection coefficient setup (middle), and results of measured
and simulated reflection coefficients (S11, right)

Meanwhile, a design about an adaptive imaging array was also conducted based on the above Vivaldi
antenna. In this case, as can be seen from Figure 3-49, the antennas are spaced by the ideal sampling
distance of quarter-wavelength (λ/4) at the highest frequency (i.e., λ/4 = 15 mm at 5 GHz). This 15 mm
physical distance is 10 times the quarter-wavelength distance at 0.5 GHz which means that the antenna
at 0.5 GHz can be 10 times larger. Alternatively, 10 of the original Vivaldi antennas can be used to
synthesize a larger (and hence more efficient) antenna for transmitting the 0.5 GHz signal, as illustrated
in Figure 3-49. Similarly, 5 antennas can be used for 1 GHz and so forth. Figure 3-50 shows how the gain
can be increased (in particular at lower frequencies) when a number of antennas are designed to
operate as one antenna. It must be noted that the gain also increases at higher frequencies. Further
simulations will be conducted to fully test the efficacy of the design.

Figure 3-49: Simulation model for using 10 antennas to synthesize a more efficient antenna for lower
frequencies.

Figure 3-50: Antennas gain as a function of frequency for different number of antennas operating as one
antenna.
3.9.2.2 Curved horn

Even though the above Vivaldi antenna can provide low starting frequency, its gain is not high enough at
that low starting frequency end (0 dB). In this case, to improve the penetration depth, an antenna with
higher gain, and also lower starting frequency at the same time is highly desired.

To this end, it was found that horn antenna can provide high gain, and structure like ridges and curved
launch surfaces can be used to reduce the low starting frequency. Therefore, a double-ridged waveguide
horn antenna was designed to provide higher gain, larger frequency bandwidth and smaller lower cutoff
frequency. The structure of the ridged antenna is given in Figure 3-51-left, which mainly includes three
parts: coaxial feed, coaxial-to-waveguide transition, and the horn section.
Coaxial feed

Horn section

Coaxial-to-waveguide
transition

Figure 3-51: Three-dimensional view of the Vivaldi antenna.
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Figure 3-52: Structure of the coaxial feed (left), cross-section view (middle) and 3D view (right) and of the
coaxial-to-waveguide transition.

Specifically, for the coaxial feed, it was found that currently available commercial connectors do not
have sufficiently long central pin to go through the entire ridged waveguide section height (the length of
b1 in Figure 3-52-right). Consequently, a matched air-filled coaxial line was designed to extend the reach
of the N-type connector used. The dimensions of this section are optimized by considering impedance
matching between the connector and the ridged waveguide. The entire structure of the coaxial feed is
shown in Figure 3-52-left, in which areas covered by green, yellow, and white colors represent the
antennas metallic structure which is modelled as a perfect electric conductor (PEC in simulation),

dielectric material (PTFE) filling the N-connector, and air, respectively. The optimized dimensions for this
structure can be found in Table 3-4.
Table 3-4: Dimension of the proposed antenna (Unit: mm).
Para. Value Para. Value Para. Value
𝑎1
120.5 𝑑3
2.4
30.5
𝑙4
𝑎2
4.5
4.1
62
𝑑4
𝑙5
𝑏1
31
3.96
3.05
𝑑5
𝑙6
𝑏2
0.5
12.1
60
𝑙1
𝑙7
1.27
1.9
260
𝑑1
𝑙2
𝑙8
1.58
20
140
𝑑2
𝑙3
𝑙9

Then, for the coaxial-to-waveguide transition, it is known that at transition point from the coaxial feed
to the ridged waveguide, the waves travel in two directions: forward (+z) and backward (-z), as shown in
Figure 3-52-middle. A back-cavity is designed with approximately λc/4 length (𝑙4 ), where λc is the
wavelength of the center frequency, such that the backward propagating wave encounters an opencircuit line ensuring that the back-propagating wave reflects back and propagates forward in-phase with
the forward propagating wave. The very high impedance of the back-cavity is in parallel with the
impedance of the ridged waveguide, therefore the impedance seen from the coaxial feed is close to the
impedance of the ridged waveguide. This impedance matching allows for minimizing the reflections
seen by the wave in the coaxial feed and transitioning to the ridged waveguide.
For the horn section, it can be seen that two circular surfaces are attached at the end of the two
flares, for better impedance matching. The two attached 3/4-circle surfaces play an important role in
reducing the lower operating frequency. In this case, the impact of the curvature radius r is investigated
and the simulated (using CST Microwave Studio®) results are shown in Figure 3-53. As can be seen from
it, , as r increases, the smallest lower operating frequency of 0.5 GHz can be obtained for r=25 mm.
Figure 3-53-b shows that the magnitude and beamwidth (57, 60, 66, 77, 66 degree from r=5 to 45 mm)
of the radiated field distribution at 0.5 GHz (selected at a specific distance of 180 mm) both increase

until r=25 mm. The field distribution at 2 GHz at the same depth is shown in Figure 3-53-c. The results
show that, with r increasing, the half-power beamwidth (HPBW) increases first and then decreases. The
optimum radius r is selected to be 25 mm. The final optimized antenna parameters are given in Table

3-4 as well.

(a) reflection coefficient.

(b) field distribution at 0.5 GHz.
(c) field distribution at 2 GHz.
Figure 3-53: Simulated results for evaluating the influence of the radius of the curved surface.

Figure 3-54: Results of S11 from simulation and measurement (left), gain (right)

Both the fabricated antenna and the setup for measuring reflection coefficients are shown in Figure

3-54 (left). The fabricated antenna is connected to a vector network analyzer (VNA), while radiating into
free-space to minimize unwanted reflections. Measured reflection coefficient results are shown in

Figure 3-54 (left), in which the lower operating frequency is a bit smaller than the simulated
expectations. The results do not match well around 0.7-0.8 GHz due to fabrication inaccuracies. The gain
of the antenna is also obtained from simulation, which is given in Figure 3-54-right, which shows that at
0.5 GHz, it has 5 dB gain which is much larger than that of Vivaldi antenna. The radiation pattern at 1
GHz is also shown in Figure 3-55 as a reference.
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Figure 3-55: Far field pattern of double-ridged waveguide horn antenna, H plane (left) and E plane (right)

3.9.3 Imaging results and analysis
The above designed antennas were used to do scanning over the above-mentioned large concrete
block. In this case, as a reference, S-band waveguide and another pyramidal horn (operating from 1-4
GHz) were used to do scanning as well.

3.9.3.1 Imaging results
In this case, the measured reflection coefficients were processed by SAR algorithm and produced SAR
images are given in Figure 3-56 at a depth of 100 mm with respect to the concrete surface. As can be
seen from the four figures, the rebars can be clearly detected by pyramidal horn antenna while the
shape of the big foam, the existence of the plastic can be indicated by curved horn and Vivaldi antenna.
S-band waveguide can indicate the existence of foam, plastic and rebars, but not clear.

Figure 3-56: Images from SAR processing obtained by curved horn antenna (upper left), pyramidal horn
(upper right), S-band waveguide (bottom left), Vivaldi antenna (bottom right)

3.9.3.2 Analysis
In order to analyze the difference in the above four images towards the features of the antennas
used, the operating frequency range and the peak gain as a function of frequency are given in Fig. 3-57
left and right, respectively. As can be seen from it, S-band waveguide has smaller frequency bandwidth,
ranging from 2.6 GHz to 3.95 GHz, so resolution of its image is not as good as other three at 100mm
depth. The diameter of rebar is electrically small compared with wavelength resulting in the very small
value of electric field around it. Pyramidal horn antenna has the highest gain and hence much stronger
signal from rebar can be received by it.
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Fig. 3-57: Simulated: (a) reflection coefficient, and (b) gain of the three antennas.

For the detectability of the plastic and foam sheets, the beamwidth among them were examined. In
this case, the field distributions of all the antennas used were simulated given that a large concrete
block is placed in front of these antennas with 10 mm standoff distance, as shown in Figure 3-58. The
permittivity used for the concrete is 4-j0.2. Moreover, the depth used to plot the electric field is at 120
mm with respect to antenna aperture plane. Considering that the center frequency used here is around
2.5 GHz with 120 mm wavelength and the permittivity of concrete is 4-j0.2 resulting in 60 mm (~1/√𝜀 )
wavelength (𝜆) in concrete. Therefore, the depth distance is about 2 λ which is a common case in NDE
problems and also roughly the position of the plastic sheets and foam sheets placed.

Antenna

Concrete

Figure 3-58: Field distribution Simulation setup for different antennas illuminating a big concrete block
with 10-mm standoff distance
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Figure 3-59: Electric field distributions of the three antennas at 2.5 GHz: H-plane (left), and E-plane (right).

To remove the different calibration errors among these antennas, narrow band simulation results at
2.5 GHz are shown in Figure 3-59, which shows that the electric field distributions are plotted as a
function of position for both E-plane and H-plane. In this case, results of S-band waveguide are not
shown since the operating frequency range of it does not cover 2.5 GHz and the 4GHz used later. It can
be seen that the range is set as 800 mm long which is much larger than each antenna aperture size. And
position 0 mm means that this point is located at the center of the plane with z (depth) equal to 124
mm. The beamwidth of curved horn is much larger than the other two in H-plane and the E-plane
beamwidth for all three are about the same. The H-plane beamwidths of the pyramidal horn and Vivaldi
antenna are almost equal. The beamwidths of all three antennas are listed in Table 3-5. Similar results
were obtained at 4 GHz (not shown).
Table 3-5: Half-power beamwidth (unit: degree) obtained by squaring field distributions in Figure
3-59.
Frequency
Plane
Curved Horn
Vivaldi
Pyramidal
Horn
HPBW (mm)
2.5 GHz
H
246.8
133.9
131.6
E
116.0
99.6
173.8
4 GHz
H
204.3
91.4
72.5
E
105.0
142.3
85.3
Center Magnitude
2.5 GHz
Center
32.2
35.2
35.2
(dB)
Point
4 GHz
31.2
31.4
37.6

Figure 3-60: Imaging results at 2.5-2.6 GHz, produced by curved Horn (left), produced by pyramidal Horn
(middle), produced by Vivaldi antenna (right).

The produced SAR images of the concrete slab at 2.5-2.6 GHz are given in Figure 3-60. For the foam, it
can be seen that all the three images can show the presence of the large foam at the right bottom
position and the small foam at the right middle position. For delamination simulated by plastic sheets, it
can be found from the image of curved horn in Figure 3-60-left, at the top part of the image, there is a
square object located between 750 mm and 1000 mm region in X coordinate direction and from 0 to
200 mm in Y coordinate direction. And another two square objects may exist on the left of that plastic
square sheet with X approximately ranging from 0 to 300 mm and from 350 mm to 700 mm,
respectively. Meanwhile, at the left part of the image, with Y being from 500 mm to 900 mm, one or
more square objects are indicated. However, the indications for these plastic sheets in the images of
pyramidal horn and Vivaldi antenna are somewhat faint except the plastic sheet left to the large foam at
the right bottom corner which cannot be clearly displayed by the image of pyramidal horn but images of
curved horn and Vivaldi antenna can. Moreover, at the left part of the image of curved horn in Figure
3-60-left, signals from some rebars can also be observed while the images from the other two antennas

cannot.
In conclusion, for the detection of plastic sheets, curved horn can show much more and stronger
indications in its image than pyramidal horn and Vivaldi antenna while for the latter two, pyramidal horn
can provide somewhat stronger indication than Vivaldi antenna. Consequently, this is expected based on

the field distributions in Figure 3-59 in which curved horn shows much wider beamwidth than the other
two in H plane while HPBW of pyramidal horn is slightly larger than the other two in E plane.
Meanwhile, center magnitude, which means the amplitude of electrical field at the center point of the
XY plane (perpendicular to depth direction), is also given in Table 3-5. It should be noted that the input
power for the three antennas in measurements is 1 Watt while for simulations it is 0.5 Watt. It can be
seen that magnitude of Vivaldi antenna and pyramidal horn are close at 2.5 GHz and that of curved horn
is smaller than the other two indicating large value magnitude of electrical field is properly not the
reason for higher resolution, and wider beamwidth may result in less magnitude of electric field.
In order to show the generality of this phenomenon, similar to the 2.5 GHz case, the field distributions
at 4 GHz are given in Figure 3-61, and SAR algorithm is also applied to the raw data obtained at 3.9-4GHz
and results of them are displayed in Figure 3-62. As can be seen, the curved horn still has the largest
beamwidth.

Figure 3-61: Electric field distributions of the three antennas at 4 GHz: H-plane (left), and E-plane (right).

In this case, since the frequency is high in the operating range, sensitivity is hence relatively higher so
that it can bring better detectability and consequently more information can be shown in the final
images. This expectation can be observed by the three images in Figure 3-62 in which indications on all
objects by the three antennas become stronger. In Figure 3-62-left, the unclear signal shown in 2.5-2.6

GHz case around the small foam at the right middle part is removed and only a small circular-shape
object is left which is also shown in Figure 3-62-middle and right but with magnitude being weaker
gradually. Hence, there should be something there and not noise. After linking it to Figure 3-43, it can be
the indication of the small plastic sheet. It is similar phenomenon for the plastic sheets located at the
top part and the large plastic sheet located at the right bottom corner left to the large foam.

Figure 3-62: Imaging results at 3.9-4 GHz, images are produced by curved horn (left), pyramidal horn
(middle), and Vivaldi horn (right)
Meanwhile, at the left part of the image of Figure 3-62-left, signals become even unclear compared

with 2.5-2.6 GHz, and cannot be determined as either noise or useful indications so far. Possible reason
may be that these plastic sheets are shifted and wrapped together with irregular shape and hence
cannot be identified.
For the center magnitude, it can be seen that curved horn has the smallest magnitude and it is close
to the value of Vivaldi antenna. This verifies that magnitude may not be responsible for the difference
between the SAR images of curved horn and Vivaldi antenna. And the matching properties of Vivaldi
antenna from its aperture to concrete may be worse than pyramidal horn since the beamwidth of them
are close but center magnitude is different at 4GHz (close at 2.5 GHz).
3.9.4 Antenna pattern effect on SAR sensitivity to delamination
In order to show the above phenomenon in a more accurate and rigorous way, the cross-range
resolution, range resolution, and aperture gain as a function of beamwidth are studied. In this case, the
nondirectional pattern is easily applied and hence widely used in remote sensing, but it may be not

accurate enough for NDE problems. This can be explained by Figure 3-63, in which the left figure shows
cases that an object is located at small depth distance while the right figure shows cases with large
depth distance. The dashed line indicated by nondirectional pattern is the antenna gain pattern used
previously while the solid line indicated by directional pattern is the real antenna gain pattern. It can be
seen that they have large difference at small depth distance cases.

Figure 3-63: Illustration for SAR imaging and antenna patterns, small depth distance (left), large depth
distance (right)

3.9.4.1 Cross-range resolution
The simulation setup is given in Figure 3-64 for a point target. the simulated results are obtained by
calculating the 3dB width of the square of the reconstructed signal along the cross-range direction.

Figure 3-64: Simulation setup for cross-range resolution modelling

Results produced by equation (4) are also used as a reference.

2ℎ𝛿

𝛿𝑥𝑐 = 2ℎ+𝛿𝑥𝑜

(4)

𝑥𝑜

Results are given in Figure 3-65. As can be seen from Figure 3-65-a, in which the ideal 180-degree
antenna half power beamwidth (HPBW) is firstly used since this is the simplest case and only the
aperture angle works for the SAR system. It shows that the simulation results almost same as the
theoretical value except very tiny shift around h=20 λc which may be from numerical errors. This
indicates the good validity of the simulation system. Then, by changing HPBW to smaller ones to
consider HPBW effect as a function of depth, as can be seen from Figure 3-65-b, both simulation and
theoretical results also match well. Moreover, unlike the 180-degree HPBW case, curves in Figure 3-65-b
show jump points at certain depth as h increases. These indicate that the cross-range resolution is
strongly affected by ABW before this point, and after it, the cross-range resolution is determined by the
aperture angle and hence curves overlap then.

(a) Without pattern effect, ABW=180o

(b) With pattern effect

Figure 3-65: Cross-range resolution simulation results using rect pattern

Figure 3-66: cross-range resolution simulation results using Rect pattern and cos pattern

Then, the influence of real antenna gain pattern is also considered. Since the gain pattern is usually
having the maximum at the θ=0o direction and smallest value at θ=±90o direction, the cos function may
be a good option and is hence used here to approximate the real antenna gain pattern. Results for crossrange resolution are given in Figure 3-66. Results from nondirectional patterns (named Rect) are also
given as reference. As can be seen from Figure 3-66, at small depth distance (i.e. <5λc), the actual crossrange resolution produced by directional pattern is better than the results from nondirectional patterns,
especially when the beamwidth is small (i.e 45o). This is expected since the effective aperture length can
be efficiently increased by the Cos patterns. And different from results in Figure 3-65, the change of the
cross-range resolution has no jump points. Reason for this is that all the sampling points of the synthetic
aperture are valid for transmitting and receiving information rather than the Rect pattern assumption
that some of the sampling points may not work when the point target is out of the beamwidth.
3.9.4.2 Range resolution
The simulated results are obtained by the similar way as in calculating the cross-range resolution, the
only difference is that the reconstructed signal along the range direction is used to calculate the range
resolution. Results are shown in Figure 3-67, in which δz is the simulated range resolution, and δzo is
given by

𝛿𝑧𝑜 =

0.4422𝜆𝑐
𝐵𝑟

𝑐

≈ 2𝐵

(5)

in which 𝐵𝑟 is the fractional frequency bandwidth, B is the frequency bandwidth, and c is the speed of
light in free space.

Figure 3-67: Range resolution simulation results using Rect pattern
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Figure 3-68: Spatial spectrum of SAR

As can be seen from Figure 3-67, for the result using 180o antenna HPBW, the aperture angle is
always smaller than the ABW, and hence it limits the effective integration angle and dominates the
range resolution. Therefore, the decrease of this aperture angle as depth distance becomes larger leads
to the degradation of the range resolution, which finally converges to a value close to 𝛿𝑧𝑜 . Since the
effective integration angle is large at small depth distance (approximately when h≤10𝜆𝑐 ), the spatial
spectrum is similar to the case shown in Figure 3-68-a, in which the width in kz direction is larger than
the result of 2kmax-2kmin, leading to better range resolution than the case shown in Figure 3-68-b which is

with small effective integration angle and corresponds to cases here where h>10𝜆𝑐 . Then, similar
phenomenon can be found from the results produced by 120o, 90o, 60o, and 45o HPBW.
Then, the real gain pattern effect to range resolution is also considered. Results are given in Figure
3-69. Results produced by nondirectional are also given as a comparison. As can be observed, the newly
obtained range resolution is much better than that produced by the Rect patterns in most cases. Reason
for this may be that the real gain pattern with Cos function distribution can “see” more areas in the
range direction based on larger aperture length.

Figure 3-69: Simulated range resolution by cos pattern as function of antenna beamwidth

3.9.4.3 Aperture gain
Next, aperture gain (peak intensity), which may influence the signal-to-noise ratio (SNR) of a SAR
imaging system, is also an important parameter to be evaluated. In this case, if the Rect patterns used
above with different HPBW are assumed to have same power, then the equation for the collated data
can be formed by:
2𝜃

𝑆𝑖 = 𝐴𝑗 2 ∙ 𝑟𝑒𝑐𝑡( 𝜃 ) ∙
𝑗

𝑒𝑥𝑝(−𝑗2𝑘𝑅𝑖 )
𝑅𝑖2

(6)

in which 𝑟𝑒𝑐𝑡(2𝜃/𝜃𝑗 ) represents the corresponding jth Rect pattern with HPBW 𝜃𝑗 . If the amplitude of
antenna gain pattern with HPBW=180o case is assumed to be 1, then its total energy is π since the range
of θ is from -π/2 to π/2. Consequently, the amplitude 𝐴𝑗 is:
𝜋

𝐴𝑗 = √𝜃

𝑗

(7)

The simulated results are shown in Figure 3-70-left. All the values are normalized to the maximum of
the result with 180o ABW. As can be seen from it, generally, narrow HPBW brings higher peak intensity.
Reasons for this include, firstly, even though wide HPBW brings larger effective aperture (since it can
illuminate larger area), the contributions from sampling points located far away from the aperture
center are gradually weakened due to the 1/R2 term. Secondly, the amplitude (𝐴𝑗 ) of narrower ABW is
higher leading to the fact that more energy can be transmitted out from the sampling points close to the
aperture center. Consequently, though wide HPBW can bring high resolution, the peak intensity of the
reconstructed image is low. And as depth distance increases, this difference in peak intensity influenced
by HPBW will be increased as well. The influence by real antenna gain pattern (approximated by cos
function, hence named Cos pattern hereafter) to the aperture gain (larger antenna gain leads to narrow
beamwidth, narrow beamwidth changes aperture gain) has little difference from this as shown by Figure
3-70-right.

Figure 3-70: Peak intensity using Rect pattern (left) and Cos pattern (right) with different HPBW

3.9.4.4 Side lobe ratio
Apart from the three parameters discussed above, it was also found that antenna gain pattern can
also influence a lot to the side lobe level of the impulse response function (shown in Figure 3-71-left)
owing to a SAR system. Simulations were conducted for a point target using different antenna pattern
(differing in beam width) ranging from 45.2o to 180o. It can be seen from Figure 3-71-right that the
largest side lobe level can be changed a lot by tuning the beamwidth.

Figure 3-71: Shape of the impulse response function (left), and the reconstructed signals along cross-range
direction as a function of beamwidth (right)

Then, to approximate the condition above that strong-scattering and weak-scattering objects are put
together, simulation were done by putting a point target with 0.1 reflectivity near another point target
with 1.0 reflectivity (both are normalized to 1.0), to see the detectability and also the sensitivity to the
first target of a SAR system using different antenna gain patterns. The distance between these two

targets is 0.8 λc. The setup is given in Figure 3-72-left, the produced SAR image using 90-degree HPBW of
gain pattern is given in Figure 3-72-middle, while the 1D signals (the above mentioned impulse response
function) extracted from the produced SAR images along the cross-range direction are given in Figure
3-72-right. It can be observed that weak-scattering object can be detected, but larger beamwidth can
bring higher magnitude of it as shown in Figure 3-72-right. This confirms that antenna gain pattern can
be responsible for the sensitivity. Finally, the peak side lobe ratio (PSLR) which is given in Figure 3-71-left
and defined as the ratio between the largest side lobe peak value over the main lobe peak value, was
used to describe the side lobe level, and the change of it as a function of pattern beamwidth and depth
distance is given in Figure 3-73. As can be seen from it, smaller pattern beamwidth leads to weaker side
lobe ratio, and hence the lower of the sensitivity of the SAR system to the weak-scattering target
(nearby a strong-scattering object).

Figure 3-72: Simulation setup (left), reconstructed image (middle), and the extracted signalsfrom the
produced SAR images along the cross-range (x) direction as a function of antenna pattern beamwidth (right).

Figure 3-73: PSLR as a function of the beamwidth of antenna pattern and depth distance.

3.9.4.5 Measurement verification
In order to confirm the correctness of the above simulation, measurements were done by using a
metal wire with a diameter of 0.6 mm (i.e., < 0.1λ) as the point target. This wire, when sufficiently long,
acts as a point target when scanned along a direction orthogonal to its length. An open-ended
rectangular waveguide probe, operating at Ku-band (12.8-18 GHz), was used as the scanning antenna.
this probe has the added advantage that it can be calibrated using standard loads and procedures. The
entire measurement setup is shown in Figure 3-74. The structure holding the wire (i.e., the books) were
sufficiently away from each other and cause no additional reflections. The wire was stretched straight
and held 240 mm (i.e., > 12λc) above the surface of the scanning platform. The irradiating electric filed
polarization direction was parallel to the wire. Subsequently, the wire was raster scanned in the
direction orthogonal to the length of the wire with 401 frequency sampling points recorded (scanned
along the x direction), with a sampling step size of 0.05λc, consistent with that in the simulations.

Figure 3-74: Schematic of the measurement setup.

In this case, the measurement results are given in Figure 3-75, which shows the comparison
between these and the simulation results for cross-range resolution, range resolution and PSLR.
Moreover, the depth range 2λc~7λc is used since both the cross-range and the range resolution have
strong dependence on the antenna gain pattern within this range predicted by the simulation results.
For cross-range resolution, as can be seen in Figure 3-75-a, the simulation results from the Rect and
the Cos patterns are slightly different, particularly for shorter target depths, and the results converge as
the target depth increases. However, the measured results closely match those obtained from the Cos
pattern. A similar trend is observed for range resolution in Figure 3-75-b, with a more substantial
difference between the simulation results for the non-directional and the directional patterns, while the
measured results closely match those from the directional pattern.
With respect to the sidelobe level, as can be seen in Figure 3-75-c, the simulation results for the Rect
and the Cos patterns do not closely match. The Rect pattern is expected to produce lower PSLR with
increasing depth while for the Cos pattern, the PSLR is expected increases quickly at smaller depths
(except at h = λ) and then slowly increase at larger depths. However, the measured data behaves

similarly to that obtained from the directional pattern, to within only 2 dB, verifying the validity of the
proposed method.

(a) cross-range resolution

(b) range resolution

(c) PSLR
Figure 3-75: SAR imaging measurement results using the Ku-band open-ended waveguide probe in the 14.8-16.8
GHz frequency range.

Chapter 4 FINDINGS
Based on the work mentioned above, we have three relatively important findings, as enumerated
below.
4.1 Sensitivity of microwave SAR imaging technique to corrosion thickness
It has been verified by simulations that microwave SAR imaging technique employing advanced
multilayer SAR algorithm can quantitatively detect the corrosion thickness as small as 5% of corrosion

[17]. However, for 0.2% corrosion thickness which occurred in these experiments, microwave SAR
imaging technique did not seem to able to detect that level of corrosion. We also believe the samples
utilized in this work may not have been prepared in a way to help these measurements, as some
generated large crack rather quickly.
4.2 Sensitivity of microwave SAR imaging technique to concrete delamination
Based on our study, it has been found that the detectability of microwave SAR imaging system to
different kind of delamination objects are different. One reason is by the resolution, since objects with
smaller size are always more difficult to detect than larger ones. Another reason is the difference in
scattering property. For example, assuming same size objects but one is strong scattering and another
one is weak scattering, then, the former one is always easier to be detected. This led to discovering that
antenna beamwidth can be used to tune such sensitivity. The conclusion is that in order to detect most
kinds of objects in concrete, the beamwidth can be continuously changed to do a scanning about
detecting delamination with different scattering capability. It must also be mentioned that the
delamination sample prepared did not end up having the desired characteristics (i.e.k,some of the
defect moved from their designed locations).
Using a hand-scanning process a pedestrian bridge on the campus of MO S&T was imaged, and many
indications were detected. Given there is ground-truth data on the state of the bridge we could not
collaborate the results.
4.3 Sensitivity of microwave harmonic measurement to corrosion detection
It was also discovered that microwave harmonic measurement scan be an efficient tool for corrosion
monitoring. Different from microwave SAR imaging technique, nonlinear components of scattered field
may be used for detecting corrosion. But, it appeared that this method worked better on to exposed
rebars than any embedded ones.

Chapter 5 5. CONCLUSIONS
In conclusion, we believe SAR imaging still has tremendous applicability to detecting corrosion on
rebars. However, a bet set of “critical flaw size” must be established, in which case it can be determined
whether the method is ultimately incapable of corrosion detecting of less 1%. For the result of
concluding remarks please refer to Section 4.

Chapter 6 6. RECOMMENDATIONS DEVELOPED AS A RESULT OF THE PROJECT
(1) Corrosion thickness of a rebar embedded into concrete may have been to thin small (50 m level),
different from reported 20% corrosion percentage in literature [19]. It may be concluded that
microwave SAR imaging technique operating in the cm-wave may not possess such a capability. At
higher frequencies, the signal penetration becomes a limiting factor. In any future potential
investigation, much care should eb paid to how samples are case and corroded
(2) Microwave SAR imaging technique is an efficient tool for concrete delamination detection. Different
kinds of delamination can be detected by tuning the parameters in SAR imaging system.
(3) Microwave harmonic measurement is a potential tool for corrosion monitoring since it has
experimental confirmed with high sensitivity to corrosion at the rebar-rebar junction. This I something
that may be investigated in the future.
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